instrumental measurements, covering global land surface (excluding Antarctica) with 0.5°×0.5° grid cells, was acquired from the Climatic Research Unit [Harris et al., 2014] . The 5°×5° HadCRUT4 from the Met Office Hadley Centre and the Climatic Research Unit at the University of East Anglia was also used [Morice et al., 2012] . Eliassen-Palm flux (EP flux) [Andrews et al., 1987] diagnostics were used to quantify planetary wave activity; the monthly mean EP flux data sets calculated from the European Centre for Medium-range Weather Forecasts (ECMWF) 2°×2° interim reanalysis (ERA-Interim) [Dee et al., 2011] for the period 1979/80 to 2011/12 were provided by the Alfred Wegener Institute (AWI). Our analyses are focused on winter, defined as December of the previous year to February of the current year (DJF); tests showed that results were not sensitive to this choice and similar results were found for analysis of January-February-March (JFM) averages (For comparison, the JFM results have been showed in Fig. S1 -S4 of Supporting Information).
Solar data
Total solar irradiance (TSI) is used to characterize solar activity. The TSI variation consists of an 11-year cycle and a secular trend. Note that uncertainties remain in terms of the secular variation amplitude [Hoyt and Schatten, 1993; Wang et al., 2005; Krivova et al., 2010; Shapiro et al., 2011] , but some recent studies suggested a moderate value is more plausible [Gray et al., 2010; Ermolli et al., 2013] . Therefore, we employ a reconstructed TSI time series based on Krivova et al. [2010] and Ball et al. [2012] , with SORCE/TIM measurements assimilated in the recent years, available at http://lasp.colorado.edu/home/sorce/data/tsi-data/.
In addition, we also employ open solar flux (OPSF) as a solar index (http://climexp.knmi.nl/data/iOPSFa.txt), since this index had been used or discussed in a number of studies, and may be a better indicator of UV variability [Woollings et al., 2010; Lockwood et al., 2010b] . While solar wind-driven energy particle effects may also very important, we mainly focus on the irradiance variability associated with the 11-year sunspot cycle. Therefore, the term "solar activity" or "solar variability" used in the present study refers to the 11-year solar cycle.
Methodology
A multi-linear regression (MLR) approach was employed to separate the solar influences on the atmospheric circulation and climate over Eurasia from other known forcing factors (e.g., ENSO and volcanic eruptions) . Following previous studies [Lean and Rind, 2008; Roy and Haigh, 2010; Gray et al. 2013] , our MLR analysis mainly considered four important climate forcing factors: (1) annual mean TSI (S); (2) annual mean stratospheric aerosol optical depth averaged over the Northern Hemisphere (V) representing volcanic influences (available at http://data.giss.nasa.gov/modelforce/); (3) winter cold tongue index (CTI, representing ENSO), which was defined as the averaged SST over 6°N-6°S and 180-90°W minus the global mean SST (available at http://jisao.washington.edu/data/cti/); and (4) annual mean net anthropogenic radiative forcing (A), mainly including radiative forcing from greenhouse gases, black carbon, reflective aerosols, soil and dust, land cover changes, and forced cloud changes (available at http://data.giss.nasa.gov/modelforce/).
Considering the impacts of ocean and atmospheric internal variability, three additional factors are introduced: (5) the Atlantic Multi-decadal Oscillation (AMO); (6) the Pacific Decadal Oscillation (PDO), and (7) NAO. The last three indices are available at http://www.esrl.noaa.gov/psd/data/climateindices/list. Any meteorological variable (T) in the troposphere is assumed to be a function of a space vector x and time t in years, and can be expressed by:
(1) 
The residuals of equations (2)- (5), , , and represent the unforced AMO, PDO, CTI and NAO indices. They are fed into Eq. (1), thus effectively removing the impacts of other important climate forcing factors from these forcing indices.
In addition, in the analysis of the atmospheric response, we also include the quasi biennial oscillation (QBO, equatorial zonal mean wind at 30 hPa) as a forcing index and equation (1) is modified as follow:
To deal with autocorrelation in the residuals, we follow Tung and Zhou [2010] and employ a prewhitening procedure in the MLR analysis (details can be seen in the appendix). This was repeated three times until most of the grids had satisfied the Durbin-Watson test to ensure the residuals were whitened [Durbin and Watson, 1971] . After this, a two-tailed student"s t test was employed to measure the confidence level of the statistical significance.
Solar signals in this study are denoted by the regression coefficients of the solar index, with the units scaled to represent the average atmospheric change between 10 solar index minimum and 10 solar index maximum years, so that the TSI and OPSF signals can be compared. Figure 1 shows the regression coefficients of HadCRU SAT associated with the 6 indices:
Results

Regression coefficients for each of the indices
anthropogenic, volcanic, ENSO, NAO, PDO, AMO. As expected, the anthropogenic signal (Fig. 1a) shows generalized warming over much of the globe, with larger amplitude over northern land. The volcanic eruptions decrease SAT over most of the globe (Fig. 1b) , particularly in the tropics and subtropics, while an evident warming due to a positive NAO response is observed in northern Eurasia, as noted by some previous studies [Stenchikov et al., 2002; Driscoll et al., 2012] . Influences of ENSO are dominant in the tropics (Fig. 1c) , the well-known warm tongue is clearly detected in the equatorial Pacific. In the northern hemisphere extratropics, a cooling in the Northern Pacific and a warming in northwestern U.S. is also evident, consistent with known ENSO impacts on PNA Teleconnection. A positive phase of NAO corresponds to higher than normal SAT in northern Eurasia and U.S., while lower than normal SAT in Greenland and Mediterranean (Fig. 1d) . The PDO is characterized by a horseshoe-shaped SAT anomaly in the Pacific, similar to the structure of ENSO impact (Fig. 1e) . Although centered in the north Atlantic, the AMO signal was found to extend across North America, Eurasia, and the tropical Pacific (Fig. 1f) , generally in agreement with the findings of Alexander et al. [2014] . In general, the patterns of these responses are consistent with previous studies, and thus enhance our confidence in the estimated solar cycle contributions shown below.
Surface Air Temperature (SAT)
Fig Maunder Minimum (LMM) also exhibits similar features [Luterbacher et al., 2001] .
Similarly, we also examined solar signals in SLP obtained with only the four usual forcing terms, shown in Fig. 4 . Note that, with TSI used as solar index, areas passing statistical significant test over the North Atlantic and Mediterranean seem to be disappeared, as seen in Fig.4a and 4c, but significant signals can still be detected over northern Eurasia, and there are also no substantial changes in signal magnitudes. For OPSF, both statistical significance and signal magnitudes remain large. We can thus infer that for the Eurasian sector, solar signals in SLP are not sensitive to the inclusion of the internal variability indices, but taking them into account increases statistical significance.
500 hPa geopotential height (GPH) and 200 hPa zonal wind
Solar signals in 500 hPa GPH are estimated from two reanalysis and the two different solar indices (Fig. 5) . It is found that the spatial patterns of the GPH response to the solar activity are generally independent of both reanalysis and solar index. Significant negative signals are mainly detected over Greenland, while significant positive signals are located over west
Europe and the United States, implying a strengthened polar vortex near the Arctic and intensified westerlies over the Atlantic. In the Eurasian sector, solar signals in GPH are mainly characterized by a wave train structure. Positive centers are located over west Europe and Lake Baikal, with the negative center over the Ural Mountains, which resembles a negative phase of the Scandinavia pattern [Barnston et al., 1987] . The GPH change over Eurasia actually represents inactive blocking high activity in the high-latitudes, as well as intensified zonal circulation in the mid-latitudes during HS winters, which is unfavorable for the intensification of the Siberian High at the surface. However, solar influences on 500 hPa GPH over Eurasia are generally weaker and less significant than those on SLP.
To further examine the solar effects on the upper tropospheric jets, we also analyzed the solar signals in zonal wind at 200 hPa in Fig.6 . Responses of the zonal wind to solar activity generally display a meridional dipole distribution. Zonal wind tends to be enhanced at high latitudes but weakened around 30°N during HS winters, implying weakened and poleward shifted subtropical jets. Our results agree with Haigh [1996] , who considered the effects of enhanced solar UV radiation in the stratosphere in numerical experiments. They also agree well with the results of Mitchell et al. [2015] , who examined the solar signal in zonally-averaged zonal winds from nine different reanalysis datasets (see their figure 8 ). Our analysis indicates, however, that statistically significant signals in the zonal wind are mainly restricted to the Atlantic and the Europe sector, while the signal over Asia is less significant.
Therefore, compared to the SLP and SAT signals, the impacts of solar activity on the upper troposphere over Eurasia are much weaker and less significant.
Possible mechanisms
The above results indicate that solar signals from the surface to the upper troposphere are characterized by an intensified zonal circulation in the mid-to-high latitudes and increased SAT over the northern Eurasia in winter. However, for the Eurasian sector, more significant solar influences are found near the surface, rather than in the mid-to-upper troposphere. This raises two questions in terms of physical mechanisms. First, why is the zonal circulation of the troposphere intensified during HS winters? Second, what mechanism is responsible for maintaining and amplifying the solar influences on the Eurasian surface? To address these two questions, next we explore relevant mechanisms for solar activity influencing the atmosphere and near surface temperature over Eurasia.
For the first question, many previous studies have attributed it to stratospheric-tropospheric coupling, which will be discussed further in section 4.1. For the second question, much less effort has been devoted to the possible amplifying mechanism at the Eurasian surface. So the influences of thermal advection and land-sea thermal contrast are investigated in section 4.2 and 4.3, respectively.
Top-down solar forcing and intensified tropospheric zonal circulation
It has been long noted that the solar-associated climate anomalies in the troposphere are largely of stratospheric origin [Haigh, 1996] , and this section discusses the physical process of "top-down" solar forcing on winter climate. As revealed by Kodera and Kuroda [2002] , solar influences on the stratospheric zonal wind are usually seasonally dependent. During early winter (November), before strong planetary wave forcing from the troposphere is established, the subtropical stratopause jet affected by varying solar radiative heating grows steadily stronger. This period is often referred to as the "radiative controlled period". It is followed by a period named the "dynamical controlled period" in mid-to-late winter (December to February, short for DJF), when the subtropical stratopause jet is substantially weakened by increased planetary wave forcing. During HS years there are stronger radiative heating differences between the tropical and the polar region and the zonal wind is found to be stronger in the subtropical stratopause in early winter, which can potentially influence the subsequent propagation of planetary waves in mid-late winter.
Here, solar signals in the zonal mean zonal wind and E-P flux are calculated by using ERA Interim reanalysis data (Fig. 7) . During November, significant positive signals in the zonal wind indeed exist in the subtropical upper stratosphere, regardless of the solar indices used ( Fig. 7a and 7e ). Stronger than normal zonal wind in the subtropical upper stratosphere tends to suppress the upward propagation of the planetary wave, as seen in Figs 7a and 7e.
The poleward and downward E-P flux anomaly in the mid-latitudes of the stratosphere indicates that the planetary wave forcing is weaker than normal, and the positive zonal wind anomaly in the mid-to-high latitudes in the stratosphere benefits the occurrence of a stronger and more stable polar vortex. Subsequently, over the seasonal evolution, a clear downward propagation of anomalous zonal wind signal from stratosphere to troposphere can be seen for both TSI and OPSF, especially in the subtropics and mid-latitudes. However, the regions of statistical significant signals for climate anomaly well only with a detailed representation of the stratosphere, indicating the importance of stratosphere-troposphere coupling in solar activity-climate linkage. Although not included in either of these model studies, solar wind driven energy particle forcing would also warm the polar upper stratosphere and modify the vertical temperature gradient, giving rise to a strengthened polar night jet which can then affect tropospheric circulation through stratosphere-troposphere coupling [Rozanov et al., 2011] . These particle effects usually peak a couple of years after the TSI/OPSF maximum, they have been suggested as a possible mechanism to reinforce the solar UV effects, thus enhancing and lagging the solar signal at the surface.
Role of temperature advection in amplifying solar signal at the Eurasia surface
Although a "top-down" solar forcing can modify the zonal circulation in the troposphere and thus affect the Eurasian winter climate, the most significant solar signals are detected over the Eurasian surface rather than in the mid-to-upper troposphere. We hypothesize that temperature advection may amplify the solar influences in the lower troposphere. To test this hypothesis, a key region over northern Eurasia (between 45-65°N and 45-90°E) with the strongest solar-induced SAT and SLP anomalies is chosen for further analysis. Shown in Fig.8 are the temperature and temperature advection responses to the anomalous solar activity in this region, obtained from the NCEP reanalysis using the two different solar indices. The temperature response decreases substantially with height, with temperature changes below 925 hPa around twice as large as those at mid-to-high troposphere. Obviously, it is inappropriate to attribute this vertical profile of the temperature response to the small variation in direct solar radiation. However, it is noted that the coupling between the solar-associated temperature advection and the circulation anomalies is much stronger in the lower troposphere than in the mid-to-upper troposphere, which can substantially increase the SAT over Eurasia. In addition, the strong warm advection in the lower troposphere tends to decrease SLP and produce a negative SLP center in northern Eurasia (Figs. 3a-3d ). Over the target region, strong solar influences on the lower troposphere temperature advection could be attributed to the large climatological horizontal temperature gradient. As a result, circulation perturbations induced by solar activity can result in substantial changes in temperature advection. Similar results are obtained using the JRA55 reanalysis dataset (not shown for brevity).
Potential feedback between solar-related circulation patterns and land-ocean thermal contrast (LOTC) in strengthening solar influences
11-year solar activity can produce significant impacts on SAT over the Eurasian continent, but relatively small impact on SST [Roy and Haigh, 2010; Tung and Zhou, 2010] , mainly because of the higher heat capacity of water. Obviously, the warming magnitudes of land and ocean will be different under the same solar forcing. To quantify the thermal differences between the Eurasian landmass and its surrounding ocean, LOTC is defined as the averaged surface temperature differences between (32.5-67.5°N and 0-120°E) and ( Meanwhile, 500 hPa GPH during high LOTC years generally decreases over the Greenland and the Barents Sea, but increases in west Europe and the Lake Baikal, resembling a typical Scandinavia pattern to some extent (Fig. 9b) , which is also similar to the solar-induced anomalous circulation pattern shown in Fig. 5 . Therefore, we suggest that anomalous solar activity tends to modify the land-sea thermal contrast, and this in turn can enhance the solar influence on the atmospheric circulation. Such a positive feedback may act as an amplifier for the solar signals over this region.
Another possible (bottom-up) 
Summary and Discussion
In this study, we investigated the solar influences on winter temperature/circulation patterns over Eurasia, as well as possible relevant mechanisms. In order to separate solar influences from other climatic forcing, a MLR method was used. Meanwhile, two suites of reanalysis data and solar datasets were used to reduce uncertainties associated with differences in data sources. weaker than at the surface. During periods of stronger solar activity, the 500 hPa GPH anomaly is characterized by a negative Scandinavia pattern, and at 200 hPa, the subtropical jet is weakened but the polar front jet is intensified to some extent.
The solar-associated atmospheric circulation anomalies are found to largely originate from the stratosphere. During HS winters, the UV-ozone interaction tends to warm the tropical upper stratosphere, in agreement with previous observational and modeling studies.
As a result of increased meridional temperature gradients the zonal wind is significantly strengthened in the subtropical stratopause during early winter (November). Planetary wave activity (indicated by E-P flux diagnostics) is thus deflected poleward and downward, causing enhanced zonal wind of the stratosphere in the mid-to-high latitudes. Then the zonal wind anomaly in the Northern Hemisphere propagates poleward and downward, ultimately leading to circulation anomalies characterized by a typical spatial pattern similar to the AO/NAO mode in the troposphere during winter months (DJF).
In addition, a possible mechanism is proposed to explain why robust solar signals exist at the Eurasia surface. Strong temperature advection in the lower troposphere is a likely amplifier of solar influence. Climatologically, since the horizontal temperature gradient is strong at or near the surface of the Eurasian mid-latitudes, the temperature advection over this region is much more sensitive to solar-induced circulation changes in lower troposphere than in the mid-to-high troposphere. Stronger warm advection at the lower atmosphere not only increases SAT, but also decreases SLP, consequently leading to a weakening of the Siberia High. Besides, solar-induced circulation changes could also modify the LOTC. In turn, changes in LOTC probably further enhance the anomalous circulation patterns associated with the solar activity. Such a positive feedback may play an important role in amplifying the solar signals over Eurasia.
There are sources of uncertainty in our results which must be recognized. In particular, the study period is relatively short. In a fully coupled climate system, some of the predictor variables in equations (1)- (5) are likely correlated. Multicollinearity among these variables does not reduce the overall predictive power of the regression model, but may introduce uncertainties in estimating the individual contribution of each variable (e.g., Santer et al., 2001) . Although the correlation between solar index and volcanic index is quite low in this study, two of the three major volcanic eruptions coincided with solar maxima, and a linear model will not remove their effects entirely. However, as found by Frame and Gray [2010] the most recent solar maximum period did not coincide with a major volcanic eruption and thus serves to increase statistical significance of our results.
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In a recent study that examined a much longer data period [Gray et al., 2013 ] the solar response in SLP and sea surface temperature were found to be greatest and most significant at lags of around 3 years. Possible mechanisms have been proposed for this lagged response, including a delayed response based on the extended memory of ocean heat content [Scaife et al., 2013; Andrews et al., 2015] . On the other hand, the solar wind driven particle effects via stratosphere also play an important role. It would affect winter NAO/AO variability through destruction of ozone in the high latitude stratosphere. The solar wind activity typically peaks 2-4 years after solar cycle maximum, which would also be responsible for the observed lag in NAO response [Maliniemi et al., 2014] . Further investigation of this delayed signal and whether it is manifested in the solar signal in SAT over Eurasia will be investigated in a separate study. 
